SIK1 syndrome is a newly described developmental epilepsy disorder caused by heterozygous mutations in the salt-inducible kinase SIK1. To better understand the pathophysiology of SIK1 syndrome, we studied the effects of SIK1 pathogenic sequence variations in human neurons. Primary human fetal cortical neurons were transfected with a lentiviral vector to overexpress wildtype and mutant SIK1 protein. We evaluated the transcriptional activity of known downstream gene targets in neurons expressing mutant SIK1 compared with wild type. We then assayed neuronal morphology by measuring neurite length, number and branching. Truncating SIK1 sequence variations were associated with abnormal MEF2C transcriptional activity and decreased MEF2C protein levels. Epilepsy-causing SIK1 sequence variations were associated with significantly decreased expression of ARC (activity-regulated cytoskeletal-associated) and other synaptic activity response element genes. Assay of mRNA levels for other MEF2C target genes NR4A1 (Nur77) and NRG1, found significantly, decreased the expression of these genes as well. The missense p.(Pro287Thr) SIK1 sequence variation was associated with abnormal neuronal morphology, with significant decreases in mean neurite length, mean number of neurites and a significant increase in proximal branches compared with wild type. Epilepsy-causing SIK1 sequence variations resulted in abnormalities in the MEF2C-ARC pathway of neuronal development and synapse activity response. This work provides the first insights into the mechanisms of pathogenesis in SIK1 syndrome, and extends the ARX-MEF2C pathway in the pathogenesis of developmental epilepsy.
INTRODUCTION
SIK1 syndrome is a newly described developmental epilepsy disorder (OMIM no. 616341) caused by de novo pathogenic sequence variations in the salt-inducible kinase SIK1. 1 SIK1 is an AMP family member kinase 2 and regulator of CREB1 and MEF2C transcriptional activity. 3 Loss-of function sequence variations of MEF2C are also a cause of developmental epilepsy and intellectual disability. [4] [5] [6] Several genes have been shown to be jointly regulated by MEF2C and CREB1 through the synaptic activity response element mechanism. 7 Of additional interest is that MEF2C has also been shown to be regulated by ARX transcriptional activity, 8 which is relevant because sequence variations in ARX were among the earliest demonstrated genetic cause of developmental epilepsy. 9 The discovery of SIK1 syndrome extends the ARX-MEF2C pathway and is an opportunity to increase our understanding of a class of developmental epilepsy syndromes.
Although an increasing number of genetic causes of early-life epilepsy have been identified, the molecular mechanisms whereby sequence variations lead to disease remain poorly understood. In some cases, understanding of the genetic cause of epilepsy has resulted in the selection of appropriate antiseizure therapy, 10, 11 or consideration of novel therapies. 12, 13 Therefore, studies to understand how pathogenic sequence variations in a specific gene lead to disease will be critical in improving the care of patients with epilepsy. To better characterize the pathophysiology of SIK1-related epilepsy, we studied the effects of epilepsy-causing SIK1 sequence variations in human fetal neurons.
MATERIALS AND METHODS

Epilepsy-causing SIK1 sequence variations
We studied pathogenic variants in SIK1 that have been submitted to the ClinVar database (Supplementary Table 1 ).
Lentiviral delivery of SIK1 mutant proteins
To allow stable expression of mutant SIK1 proteins, cDNA encoding wild-type SIK1 (NM_173354.3) and the mutants p.(Pro287Thr), p.(Glu347*), p.(Gln633*) and p.(Lys56Met; a kinase-dead control) were cloned into the Xbal and Notl sites of the lentiviral vector pCDH-GFP-Puro (CD513B; System Biosciences, Palo Alto, CA, USA). Details of codon modifications based on SIK1 protein ID NP_775490.2 used for cloning are provided in Supplementary  Table 2 . To identify recombinant SIK1 protein expression, a V5-epitope tag was inserted in-frame at the amino terminal of the SIK1 cDNA. Vector controls included pCDH-GFP-Puro without insert or expressing the nuclear envelope protein lamin A. Amphotrophic lentivirus was produced in HEK293-TN cells using the VSVg envelope protein, and virus was harvested in serum-free medium. Expression of mutant proteins was verified by western blot analysis of HEK293-TN cell lysates using anti-V5 antibody (Bethyl Laboratories, Montgomery, TX, USA) and immunofluorescence staining of transfected cells with anti-V5.
Isolation of human fetal neurons
Primary human cortical neurons were isolated from CNS tissue obtained from cadavers at 14-20 weeks of gestation. No personal identifiers or medical history was provided. However, samples with known genetic abnormalities or HIV+ status were excluded from tissue collection. As per certification by the University of Rochester Research Subjects Review Board (RSRB 24759) this work does not constitute human subject research. Tissues were processed as described previously. 14, 15 Briefly, following enzymatic and mechanical dissociation, debris was removed from the cell suspension through sequential filtering and density gradient centrifugation. Cells were then plated on poly-L-lysine/ laminin-coated substrate and cultured in Neurobasal medium with the addition of B27, N2, BDNF and GDNF. Cells were maintained in low oxygen atmosphere (5% O 2 ) with 50% medium exchange every other day.
Transduction and selection of neural cultures
Primary neural cultures were incubated for up to 6 h with lentivirus containing supernatants. Two days after infection, cultures underwent puromycin selection by the addition of 2 μg/ml puromycin for 3 days, a dosage that successfully eliminated all puromycin-sensitive cells. Complete selection of transduced cells was monitored by the expression of GFP in all cells.
Mef2 and CREB luciferase reporter assays
We used a previously characterized Mef2 luciferase reporter 16 to assay the effect of SIK1 pathogenic sequence variations on Mef2c-based transcription. Briefly, 293TN cells were transfected simultaneously with a SIK1 expression construct pcDNA3.1-Mef2c-HA (plasmid no. 32515 from Addgene, Cambridge, MA, USA), 3xMef2-Luc (plasmid no. 32976) and pRL-TK (Promega, Madison, WI, USA). The next day, firefly and Renilla luciferase activity was measured using Promega's Dual-Glo Luciferase Assay System and a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA, USA). To measure CREB activity, the pCRE-MetLuc2 vector (Clontech, Mountain View, CA, USA) and our SIK1 expression vectors were transfected into 293TN cells. The day after transfection, basal luciferase expression was measured 3 h after a full media change using a Ready-To-Glow Secreted Luciferase Reporter Assay (Clontech). A second full media change was used to start the Forskolin/IBMX treatment. Aliquots of media were collected at 1, 3 and 5 h to assay for luciferase expression during drug treatment.
Semiquantitative reverse transcriptase-PCR
Total mRNA was collected from transfected human neurons after 15 days of culture (Qiagen RNeasy Mini Kit, Qiagen, Hilden, Germany). cDNA was then prepared using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). Semiquantitative reverse transcriptase-PCR (RT-PCR) was performed using validated TaqMan probes to determine the relative expression levels of known MEF2C target genes ARC (activity-regulated cytoskeletal-associated), NRG1 and NR4A1 (Nur77). Expression of housekeeping gene UBC was used for Delta-Delta analysis of relative gene expression. TaqMan probes used in these assays are provided in Supplementary Table 3 .
Western blots
Transfected neurons were lysed in RIPA buffer (25 mM Tris-Cl, pH 7.6, 150 mM NaCl, 1% Triton X-100, 0.5% DOC, 0.1% SDS) with Proteogard protease inhibitor (Clontech) and sonicated. Lysates were separated by SDS-PAGE. Proteins were transferred onto PVDF membrane for western blots. Membranes were blocked with 5% NFDM (non-fat dry milk) in TBS-T solution and probed with a goat anti-mouse-HRP secondary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). HRP signal was visualized using Western Lightning-ECL (Perkin-Elmer, Waltham, MA, USA) and Amersham Hyperfilm (GE Healthcare, Little Chalfont, UK). Antibodies used in western blots are provided in Supplementary Table 4 .
Neuronal morphology studies
Primary cortical neurons transduced with control and mutant SIK1 protein expressing lentivirus were fixed after 3 days in vitro and stained for βIII-tubulin. Digital images were collected under x20 magnification. Dendrite number and length were measured and Scholl analyses were performed for dendritic arborization in 50 cells per condition using the ImageJ software (http://imagej.nih.gov/ij/) and the Fiji/Simple Neurite Tracer plugin. 17, 18 Blinding of samples was performed by a third party before morphology studies.
Statistical analysis
Statistical analysis was performed with R version 3.1.2 (https://www.r-project. org/) and P-values o0.05 were regarded as significant.
RESULTS
Truncating SIK1 pathogenic sequence variations were associated with abnormal MEF2C transcriptional activity and decreased MEF2C protein levels Using a lentiviral vector, we infected human primary cortical neurons with a V5-epitope-tagged wild-type or mutant SIK1 (Figure 1a) , and achieved robust expression as detected by western blot (Figure 1b ) and immunocytochemistry (Figures 1c-e) . The levels of endogenous SIK1 in the mutant cell lines did not differ significantly from that found in the lamin or WT overexpression cell lines (Supplementary Figure 1) . In nonneuronal cells, we measured the level of MEF2 transcriptional activity using a characterized Mef2 luciferase reporter in the presence of epilepsycausing SIK1 pathogenic sequence variations, as well as wild-type and the p.(Lys56Met) kinase-dead mutant. As expected, the kinase-dead mutant showed no significant Mef2-luc activity compared with empty vector controls. Expression of wild-type SIK1 robustly activated the Mef2-luc reporter. In non-neuronal cells, epilepsy-causing SIK1 mutants were associated with a significant decrease in Mef2-luc reporter expression compared with wild-type (data not shown). We therefore sought to expand these findings in our neuronal model of SIK1 pathogenic sequence variations. We suspected that epilepsy-causing sequence variations in SIK1 might, in part, exert their pathogenic effect through disruption of MEF2C transcriptional activity.
MEF2 proteins regulate their own transcription via a conserved enhancer in muscle cells and brain, 19 with evidence for regulational crosstalk between MEF2A and MEF2C. 20 To investigate the effects of SIK1 pathogenic sequence variations on MEF2C transcriptional activity, we first assayed the protein levels of MEF2C itself. We found that in neurons expressing the epilepsy-causing SIK1-truncating sequence variations p.(Glu347*) and p.(Gln633*), there were decreased MEF2C protein levels compared with wild type as measured by western blot (Figure 2) . Interestingly, this effect on MEF2C protein levels was not seen in neurons expressing the missense SIK1 sequence variation p.(Pro287Thr).
Epilepsy-causing SIK1 sequence variations were associated with decreased expression of ARC and other synaptic activity response element genes Using mRNA and protein assays, we found that neurons expressing epilepsy-causing SIK1 sequence variations had significantly decreased mRNA levels of the gene ARC (Figure 3a) , compared with neurons expressing wild-type SIK1. We confirmed that significantly decreased protein levels of ARC occurred in neurons at 20 weeks gestation that expressed the epilepsy-causing truncating SIK1 sequence variations p.(Glu347*) and p.(Gln633*; Figure 3b ), confirmed by western blot (Figures 3c-e) . While the missense SIK1 sequence variation p. (Pro287Thr) was associated with significantly decreased ARC mRNA levels, decreased ARC protein levels were not found. There was a downward trend in ARC protein levels in neurons expressing the kinase-dead p.(Lys56Met) SIK1 mutant, but not significantly different from wild type.
Assay of mRNA levels for other MEF2C target genes NR4A1 (Nur77) and NRG1, found significantly, decreased expression of these SIK1 neuronal studies C Pröschel et al genes in neurons at 20 weeks gestation as well. An accompanying decrease in NR4A1 and NRG1 protein levels could not be confirmed owing to the lack of antibodies that performed in western blot. These qRT-PCR results are summarized in Supplementary Figure 2. SIK1 pathogenic sequence variations did not affect levels of phosphorylated HDAC5 We had previously observed that epilepsy-causing sequence variations in SIK1 did not affect the ability of SIK1 to phosphorylate target HDAC5 during an in vitro assay, 1 but we hypothesized that the inability of truncating mutant SIK1 proteins to localize into the nucleus might functionally result in decreased HDAC5 phosphorylation. Compared with wild-type SIK1, none of the epilepsy-causing SIK1 mutants was associated with significant differences in phosphorylation of p.Ser498 compared with total HDAC5 (Supplementary Figure 3) . The kinase-dead SIK1 p.(Lys56Met) mutant was associated with HDAC5 phosphorylation similar to wild type on western blot, confirming that HDAC5 is a target for phosphorylation by other kinases in vivo, and that endogenous SIK1 still can phosphorylate HDAC5 in our system. 21 SIK1 pathogenic sequence variations do not affect TORC1 or CREB1 protein levels or CREB1 transcriptional activity We did not observe a significant decrease in CREB1 transcriptional activity using an available CREB luciferase reporter assay with SIK1 mutants compared with wild type in HEK/293 cells (data not shown). Protein levels of TORC1 and CREB1 were also no different by western blot in neurons expressing SIK1 sequence variations, compared with controls (data not shown).
Truncating epilepsy-causing sequence variations in SIK1 were associated with abnormal neuronal morphology As ARC was found to be critical for dendrite spine morphology, 22 we asked whether SIK1 pathogenic sequence variations are associated with abnormal morphology in vitro. We performed a Sholl analysis to quantify dendrite branching in human fetal neurons expressing wild-type and mutant SIK1 proteins. We found that the missense p.(Pro287Thr) SIK1 sequence variation was associated with significantly increased number of proximal branches. This effect was not seen in the truncating SIK1 mutants p.(Glu347*) and p.(Gln633*). 
DISCUSSION
This work provides evidence that epilepsy-causing sequence variations in SIK1 have deleterious effects on human neuronal biology. Our data show that the truncating SIK1 sequence variations p.(Glu347*) and p.(Gln633*) were associated with decreased expression of the transcription factor MEF2C. This resulted in both decreased MEF2C protein levels in affected neurons and a decrease in MEF2C transcriptional activity. Furthermore, this disruption of MEF2C activity occurs independently of HDAC5, suggesting that SIK1 may either interact directly with MEF2C or may act through another intermediary. We also show that disruption of MEF2C activity results in the decreased expression of proteins critical for neuronal synapse function and development, prominent among them ARC.
We found previously 1 that although these SIK1 pathogenic sequence variations occur outside the kinase domain of the protein, and in a cell-free assay mutant SIK1 kinase activity was unaffected, truncated SIK1 mutant proteins did not localize appropriately to the nucleus where HDAC5 phosphorylation occurs. As MEF2C transcriptional activation occurs when HDAC5 is phosphorylated and then exported from the nucleus, 3 we initially hypothesized that disease-causing sequence variations in SIK1 might affect MEF2C activity by underphosphorylating HDAC5 in the nucleus. Our data here suggest that SIK1 pathogenic sequence variations have a deleterious effect on MEF2C transcriptional activity separate from the phosphorylation status of HDAC5.
Loss-of-function MEF2C sequence variations (including chromosomal 5q14.3 deletions that result in MEF2C haploinsufficiency) are associated with a developmental syndrome with common early-life epilepsy, intellectual disability and autistic features. 4,5 Mef2c-knockout mice have impaired learning with an associated increase in excitatory neuronal synapses. 23 Postnatal loss of Mef2c resulted in increased spine numbers in hippocampal neurons. 24 The α1β isoforms of Mef2c are expressed in neurons, 25 and the α1 exon contains a regulatory D-box (R-X-X-L) and two phosphomotifs, p.(Ser98) and p.(Ser110), that are involved in MEF2C degradation and subsequent cell cycle progression. 26 It is possible that epilepsy-causing SIK1 sequence variations directly affect these phosphorylation sites of MEF2C, and this is a focus of future experiments.
We did not appreciate disruption of CREB1 transcriptional activity in our studies of neurons expressing mutant SIK1 proteins, although TORC1 and CREB1 regulation is another critical role of SIK1 in neurons. 27 CREB1-regulated gene expression is a known mediator of Figure 3 Epilepsy-causing SIK1 sequence variations decreased ARC mRNA and protein levels. Semiquantitative reverse transcriptase-PCR of ARC was significantly reduced in all disease-causing mutants in 20-week fetal-derived primary neurons (a; *P = 0.004; **P = 0.02; ***P = 0.0005) compared with neurons expressing wild-type SIK1. Neurons transfected with GFP were used as a vector control. There was an overall downward trend in ARC protein levels detected by western blot at 15, 17 and 20 weeks gestation in all SIK1 mutants compared with wild type. The p.(Glu347*) and p.(Gln633*) sequence variants had significantly (P = 0.05 and P = 0.007, respectively) decreased ARC protein levels compared with wild-type neurons at 20 weeks gestation (b). Representative western blots of ARC protein levels in human neurons at 15 weeks (c), 17 weeks (d) and 20 weeks gestation (e) normalized to β-actin.
SIK1 neuronal studies C Pröschel et al neuronal dendrite development and long-term potentiation. 28 SIK1 can have a direct effect on CREB1 transcriptional activity independent of TORC1. 29 However, our assays of TORC1 and CREB1 in this study did not reveal significant differences from wild-type neurons. It is possible, however, that an effect does exist but our model lacked sensitivity to detect these effects. Given the importance of CREB1 in neuronal development and synapse function, studies of possible effects on this pathway should be included in future studies of SIK1 epilepsy.
We found significant decreases in the ARC gene expression and protein levels in neurons expressing the truncating SIK1 sequence variations. ARC has a critical role during early neuronal development and the MEF2C-ARC-NR4A1 expression pathway is critical for synaptic remodeling, 30 with ARC specifically having a role in synapse-specific homeostatic plasticity. 31 Loss-of-function sequence variations in Arc disrupt Notch1 activation, and impair long-term potentiation and longterm depression. 32 One fascinating aspect of ARC biology is that its mRNA transcripts are transported into dendrites to accumulate nearactivated synapses, where synaptic activity triggers mRNA decay. 33, 34 At excitatory glutamatergic synapses, ARC mediates postsynaptic endocytosis of AMPA-type glutamate receptors. 35 We therefore expect that decreased ARC expression as a consequence of SIK1 sequence variations would have a disruptive role in these critical neuronal processes.
We also found evidence that mRNA levels of other genes important in synapse activity response, NRG1 and NR4A1, were affected by epilepsy-causing SIK1 sequence variations. NRG1 (neuregulin 1) regulates synaptic transmission, in part by controlling glutamate uptake, 36 and also maintaining GABAergic activity in parvalbumin(+) interneurons. 37 NR4A1 (Nur77) is an activity-dependent protein that regulates the density and distribution of dendritic spines and excitatory synapses. 38 In the striatum, synapse remodeling has been shown to be mediated by NR4A1 (Nur77) and ARC, both of which are regulated by MEF2 transcriptional activity. 30 Abnormalities in these important synaptic activity response proteins suggest that the epilepsy-causing sequence variations in SIK1 result in downstream dysfunction of MEF2C transcription activity, with likely impact on glutamate/ GABA balance, and synapse distribution and remodeling.
Our observations that truncating epilepsy-causing SIK1 sequence variations dysregulate MEF2C and ARC allow further questions to be asked regarding the pathogenesis of both the epilepsy and the developmental disorder seen in individuals with SIK1 syndrome. An important role of MEF2C in neurons is to suppress excitatory synapse numbers 23 in concert with ARC and the metabotropic glutamate receptor 5. 39 If SIK1 pathogenic sequence variations disrupt this physiologic counterweight to neuronal excitation, it is possible that the threshold for clinical seizures may be lowered. Our studies have established an in vitro model where the electrophysiologic properties of SIK1 mutant neurons may be studied.
Our data demonstrated that the missense p.(Pro287Thr) SIK1 sequence variation was associated with observable abnormalities in neuronal morphology. Overall neurite number was increased in p. (Pro287Thr) SIK1-expressing cells, and there were an increased number of proximal branches. We note that the individual described with the SIK1 p.(Pro287Thr) sequence variation had a severe clinical phenotype, with early-onset infantile epilepsy, persistent burst suppression pattern on EEG and death in infancy. 1 Although the p.(Pro287Thr)-expressing neurons did not demonstrate the same degree of abnormality in MEF2C and ARC expression, it is possible that the severe phenotype associated with this sequence variation is conferred through another mechanism. For example, it is known that SIK1 directly regulates Na-K ATPases in the renal proximal tubule and vascular smooth muscle, 40, 41 and dysfunction of that pathway in neurons may be another mechanism where seizures might be generated.
Our studies have several limitations. First, our results were based on overexpression assays in human fetal neurons, and it was not possible to determine the effect of endogenous SIK1 protein on our results. Therefore, it was not possible to conclude whether the SIK1 Figure 4 Epilepsy-causing missense SIK1 sequence variation associated with increased proximal neurite branching and increased neurite number. Sholl analysis of neurite branching in neurons infected at 14 weeks and expressing wild-type or mutant SIK1 (a-e; bar= 100 μm) revealed significantly increased proximal intersections in neurons expressing the missense mutant p.(Pro287Thr; 5.1 intersections vs 3.7 intersections; *P = 0.01). The kinase-dead control sequence variant p.(Lys56Met) neurons showed significantly fewer proximal intersections (2.7 intersections vs 3.7 intersections; **P = 0.003). No significant differences in intersection number were observed in neurons expressing the truncating SIK1 sequence variants p.(Glu347*) or p.(Gln633*). Neurons expressing the missense p.(Pro287Thr) SIK1 sequence variant also had significantly increased total neurite number (g; *P = 0.016), increased primary neurite number (h; *P = 0.046) and secondary neurite number (i; *P = 0.022) compared with wild type. In contrast, neurons expressing the kinase-dead p.(Lys56Met) SIK1 sequence variant had overall decreased numbers of total neurites (g; **P = 0.005) and primary neurites (h; **P = 0.004). No significant differences in neurite number were observed in neurons expressing the truncating SIK1 sequence variants.
SIK1 neuronal studies
C Pröschel et al pathogenic sequence variations studied cause direct loss of SIK1 function. Our results showing no change in HDAC5 phosphorylation suggest that the SIK1 sequence variations do not have a direct loss-offunction effect. However, our data suggest that these SIK1 sequence variations result in downstream dysregulation of MEF2C signaling.
In conclusion, this study provides the first evidence that epilepsycausing sequence variations in the AMP kinase SIK1 result in significant abnormalities of synapse regulation and neuronal morphology in an in vitro human neuronal model. Truncating SIK1 mutants were associated with widespread disruption of MEF2C transcriptional activity, with consequent abnormalities in the expression of the targets ARC, NRG1 and NR4A1. The missense SIK1 sequence variation, associated with a severe human phenotype, was found to also cause abnormal neuronal morphology. These studies extend an important pathway in understanding the pathogenesis of early-life epilepsy, and lay the groundwork for further study of important aspects of these epilepsies with the aim of identifying improved treatment.
